The removal of Ni 2+ from aqueous solution by magnetic multiwalled carbon nanotube nanocomposite (MMWCNTs-C) was investigated. MMWCNTs-C was characterized by X-ray Diffraction method (XRD), High-Resolution Transmission Electron Microscopy (HRTEM), surface area (BET), and Fourier Transform-Infrared Spectroscopy (FTIR). The effects of initial concentration, contact time, solution pH, and temperature on the Ni 2+ adsorption onto MMWCNTs-C were studied. The Langmuir and Freundlich isotherm models were applied to fi t the adsorption data. The results showed that the adsorption isotherm data were fi tted well to the Langmuir isotherm model with the maximum monolayer adsorption capacity of 2.11 mg g -1 . The adsorption kinetics was best described by the pseudo-second-order model. 
INTRODUCTION
Nickel is the one of the important toxic heavy metals. It is used in a wide range of manufacturing industries, such as metal plating, galvanizing, smelting, mining, pigment and ceramics industries and is present in the wastewaters. Nickel is non-biodegradable metal and may cause dermatitis and allergic sensitization. At higher concentrations it is a potent carcinogen and causes cancer of lungs, nose and bone
1
. Therefore, it is necessary to remove nickel from various industrial effl uents.
Various techniques such as ion exchange, membrane fi ltration, reverse osmosis, precipitation and adsorption have been proposed for the removal of nickel from aqueous solutions. Among these techniques, the adsorption proces has been widely applied to remove heavy metal ions from aqueous solutions because of its simplicity and cost effectiveness. In recent years, a number of different adsorbents such as spent animal bones 2 18 used CNTs/iron oxides magnetic composites as adsorbent for removal of Pb 2+ and Cu 2+ from water. Therefore, in this work, magnetic multiwalled carbon nanotube nanocomposite (MMWCNTs-C) was used for the removal of Ni 2+ from aqueous solution. The main advantage is that the adsorbent can be easily and simply separated using the external magnetic fi eld. The effects of pH, temperature and initial dye concentration on Ni 2+ adsorption by the MMWCNTs-C were investigated. The experimental data were analyzed using the pseudofi rst-order and the pseudo-second-order kinetic model. Langmuir and Freundlich isotherms were employed to quantify the adsorption equilibrium. Thermodynamics parameters, ΔG o , ΔH o and ΔS o , were also calculated.
EXPERIMENTAL

Material and characterization methods
Analytical grade nickel standard solution (Ion Standard Solution of 1000 mg L -1 ) was purchased from Merck order to achieve homogeneity. To observe the effect of temperature the experiments were carried out at three different temperatures, i.e., 20, 40 and 60 o C. Before mixing with the adsorbent, various pH levels (3.5-11.2) of the solution was adjusted by adding a few drops of diluted hydrochloric acid (0.1N HCl) or sodium hydroxide (0.1N NaOH). When the desired temperature was reached, about 0.15 g of MMWCNTs-C was added into fl ask. Next, the fl ask with suspension was placed in the ultrasonic bath (Raypa UCI-50) at the same temperature. MMWCNTs were dispersed into the dye solution by sonication for 1 min and then fl ask with suspension was placed in a constant temperature bath and intensively mixed by magnetic stirrer. At the end of the equilibrium period 4 ml of aqueous sample was taken from the solution, and the liquid was separated from the adsorbent magnetically. The concentration of Ni 2+ was analyzed by UV-VIS spectrophotometer at 530 nm using the dimethylglyoxime method
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where: C t (mg L -1 ) the Ni 2+ concentration at any time t. Each experiment was carried out in duplicate and the average results are presented. The kinetic and isotherm models were evaluated by the linear correlation coeffi cient (R 2 ).
RESULTS AND DISCUSSION
Characterization of the adsorbent Figure 1 shows the X-ray diffraction pattern of nanocrystalline iron before decomposition of ethylene and MMWCNTs-C. According to the data acquired from the XRD, nanocomposite MMWCNTs-C consisted of graphite (peak at 2 values of 26.232) and iron carbide Fe 3 C (reference standard JCPDS fi le 35-0772) phase only. The iron oxide or iron particles in MMWCNTs-C were not detected. Iron content measured by TGA in the MMWCNTs-C was about 16%. The morphological structure and arrangement of multiwalled carbon nanotubes are shown in Figure 2a and b. Iron carbide particles were observed at the tip of carbon nanotubes (Fig. 2c) . Iron carbide (Fe 3 C) is ferromagnetic at room temperature. This allowed for an easy removal of nanocomposite from aqueous solution by external magnetic fi eld. Inset of Figure 2c shows the suspension of MMWCNTs-C and separation of the adsorbent from solution with a magnet.
and was employed to prepare stock solution containing 100 mg L -1 of Ni 2+ . The stock solution was then further diluted to the desired concentrations. Dimethylglyoxime was obtained from Fluka. Magnetic multiwalled carbon nanotubes nanocomposite material MMWCNTs-C was prepared by chemical vapor deposition CVD method using ethylene as a carbon source. As a catalyst nanocrystalline iron was applied. Nanocrystalline iron was obtained by fusion of magnetite with small amounts of promoter oxides (Al 2 O 3 and CaO), followed by reduction with hydrogen. The synthesis of carbon material was conducted in the high temperature furnace (Carbolite STF 16/800). 1 g of catalyst was placed in a quartz boat inside the furnace. In the fi rst stage the catalyst was reduced polythermally at the temperature raising from 20 o C to 500 o C and next isothermally at 500 o C for 1h. The reduction process was carried out in order to remove a thin passivation layer. In the second stage, the synthesis of nanocomposite was performed under mixture of ethylene and argon (1:1, total fl ow 40 l/h) at 700 o C for 1 h. Next the sample was cooled to the room temperature under argon fl ow (10 l/h). Details of the nanocrystalline iron and magnetic nanocomposite preparation are given in work 19 . The phase composition of the MMWCNTs-C was determined using the X-ray diffraction method (X'Pert PRO Philips diffractometer) using a CuKα radiation. The amount of iron in the MMWCNTs-C was determined using thermogravimetric analysis which was performed on DTA-Q600 SDT TA Instruments. The morphology of the adsorbent was investigated by high-resolution transmission electron microscopy HRTEM using a FEI Tecnai F20. The MMWCNTs-C was analyzed for their BET-specifi c surface area and pore-size distribution using an Quadrasorb SI Quantachrome analyzer. The functional groups on the MMWCNTs-C surface were determined using fourier transform infrared FTIR method (Perkin Elmer Spectrum One FT-IR spectrometer). The pH PZC (point of zero charge) is a critical value for determining quantitatively the net charge carried on the adsorbent surface as a function of the solution pH. Point of zero charge of MMWCNTs-C was determined by the pH drift method 20 . For this purpose, 50 ml of a 0.01M NaCl solution was placed in a closed Erlenmeyer fl ask and the pH was adjusted to a value between 3.1 and 12.4 by the addition of 0.1M HCl or 0.1M NaOH. Then, 0.15 g of MMWCNTs-C was added to the solution and the fi nal pH measured after 48 h under agitation at room temperature. The pH PZC of MMWCNTs-C was obtained from the plot of ΔpH= pH i -pH f (the difference between initial pH i and fi nal pH f at equilibrium) versus initial pH i . The point of intersection of the resulting curve at which ΔpH = 0 gave the pH PZC . All chemicals used in the experiments were purchased in analytical purity and used without any purifi cation. All solutions were prepared with deionized water.
Adsorption experiments
Adsorption experiments were carried out in Erlenmeyer fl ask, where the solution (200 mL) with the initial Ni (Fig. 5a) . The pseudo-second-order kinetic model can be expressed as follows: (4) where k 2 (g mg
) is the rate constant for the pseudo-second-order adsorption kinetics. Values of k 2 and q e for different initial concentrations of Ni 2+ were calculated from the slope and intercept of the linear plot of t/q t versus t. The plot of t/q t versus t at 30 o C, is shown in Figure 5b . The results of the kinetic data are listed in Table 1 . Based on the correlation coeffi cients, it can be said that the adsorption fi ts to the pseudo-secondorder (R 2 = 0.998÷1) better than the pseudo-fi rst-order kinetic model (R 2 = 0.790÷0.983). Also, the calculated q e,cal values from the pseudo-second-order model were very close to the experimental q e,exp values. The results indicated that the adsorption fi ts to the pseudo-secondorder kinetic model better than the pseudo-fi rst-order. Similar kinetic results were also observed in the adsorption of Ni 2+ on oxidized multi-walled carbon nanotubes 13 and bael tree leaf powder 24 . From Table 1 , it was also observed that the pseudo-second-order rate constant k 2 decreased from 0.0874 to 0.0240 g mg -1 min -1 , as the initial concentration of Ni 2+ increased from 0.82 to 4.12 mg L -1 .
Adsorption isotherms
Adsorption isotherms are important for the description how molecules of adsorbate interact with adsorbent surface sites. In this study, the Langmuir and Freundlich isotherms were used to describe the equilibrium adsorption. The Langmuir's isotherm model is represented by the following linear equation 25 :
where C e (mg L -1 ) is the equilibrium concentration of the adsorbate, q e (mg g Fig. 6a . The essential characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless equilibrium parameter (R L ), which is defi ned by the following equation: Figure 2d shows an EDX spectrum of MMWCNTs-C which reveals the presence of carbon from the multiwalled carbon nanotubes and iron from the Fe 3 C. The Cu peaks were from the copper grid. The BET surface area was found to be 38.7 m 2 g -1 and the total pore volume was 0.27 cm 3 g -1 . The FTIR measurement of MMWCNTs-C showed the presence of the following functional groups: -COOH and -C=C. The pH PZC of MMWCNTs-C was found to be 10.6 (Fig. 3) . This value refers to the pH level at which the surface of the MMWCNTs-C has zero net charge. At pH<pH PZC , the MMWCNTs-C surface has a net positive charge and adsorption of anions is favored, while at pH>pH PZC the surface has a net negative charge and adsorption of cations is favored. The characterization of the adsorbent has been described in detail elsewhere 22 .
Adsorption kinetics
The effect of initial concentration of Ni 2+ on its removal from aqueous solutions by MMWCNTs-C at The well-known logarithmic form of Freundlich model is represented by the following equation: (7) where: q e (mg g -1 ) is the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium, K F (mg g -1 (L mg -1 ) 1/n ) and n are Freundlich constants, which represent adsorption capacity and adsorption strength, respectively and C e (mg L -1 ) is the equilibrium concentration of the adsorbate. The values of K F and n were calculated from the slope and intercept of the linear plot ln q e versus ln C e (Fig. 6b) . Table 2 showed the values of Langmuir and Freundlich constans, and the correlation coeffi cients R 2 obtained from the linear regression. As seen, the experimental data better fi t Langmuir model (R 2 = 1) than the Freundlich model (R 2 = 0.953). The maximum monolayer adsorption capacity Q O obtained from the Langmuir model was 2.11 mg g -1 . Table 3 lists and compares the maximum monolayer adsorption capacity of Ni 2+ on various adsorbents.
Effect of pH
The pH of the solution is a very important factor for the adsorption process of metal ions. The infl uence of initial pH solution on adsorption capacity at equilibrium of Ni 2+ onto MMWCNTs-C was investigated in the range of pH values from 3.5 to 11.2 at a fi xed Ni C. The effect of the initial pH on the adsorption capacity of Ni 2+ is shown in Figure 7 . The adsorption capacity increased when the pH of the solution was increased. The maximum adsorption capacity of Ni 2+ was 3.02 mg g -1 , observed at pH 9.4. When the pH was increased from 9.4 to 11.2, the adsorption capacity of Ni 2+ slightly decreased to 2.89 mg g -1 . The pHpzc of MMWCNTs-C was found to be 10.6. At pH<10.6, the concentration of H + ion is high, and the surface of the MMWCNTs-C becomes more positively charged, due to the protonation of electron and Ni(OH) 3 − . Therefore, the adsorption of Ni 2+ onto MMWCNTs-C surface is lower at higher pH (basic pH). 
Effect of temperature
CONCLUSIONS
In summary, a magnetic multiwalled carbon nanotubes nanocomposite MMWCNTs-C was synthesized by chemical vapor deposition CVD and was used as adsorbent for the removal of Ni 2+ from aqueous solutions. The MMWCNTs-C adsorbent consists of magnetic particles and could be easy recovered by the magnetic separation method. The adsorption isotherm data were fi tted well with the Langmuir model. The maximum monolayer adsorption capacity was 2.11 mg g -1 . Adsorption kinetics of Ni 2+ onto MMWCNTs-C followed the pseudo-secondorder kinetic model. onto MMWCNTs-C was via a physisorption process.
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